[1] Five sediment cores from cold seeps at the forearc off Costa Rica were used to explore the relationship between fluid advection, dissolved Ca concentrations in upward migrating fluids, and authigenic CaCO 3 precipitation. A numerical transport-reaction model was used to determine rates of anaerobic oxidation of methane (AOM), CaCO 3 precipitation, and benthic fluxes of solutes. Production of carbonate alkalinity and formation of authigenic carbonates is most intense at intermediate flow rates ( ). Dissolved Ca concentrations observed in the vent fluids off Costa Rica cover a wide range between 4 and 31 mM, clearly exceeding seawater concentrations at two locations. Systematic model runs showed that high Ca concentrations in ascending fluids enhance the rate of authigenic carbonate production at moderate flow rates leading to an almost quantitative fixation of deeply derived Ca in authigenic carbonates. Hence, CaCO 3 precipitation is not only controlled by Ca diffusing into the sediment from bottom water, but also by the Ca concentration in ascending fluids. Thus, Ca enriched fluids offer a reason for enhanced subsurface CaCO 3 precipitation and the occurrence of carbonate caps on dewatering structures in the Central American fore-arc. Based on average precipitation rates deduced from the systematic model runs it is possible to give a rough estimate of the global Ca-fixation at cold seeps (∼2·10 10 mol Ca a −1 ), which suggests that cold seeps are most likely not of key importance with respect to Ca cycling in the ocean.
Introduction
[2] Cold seeps are ubiquitous features along active convergent margins and are direct links between deeply buried sediments and the global ocean reservoir. Hence, they provide insight into deep geochemical and structural processes [e.g., Martin et al., 1996; Aloisi et al., 2004; Hensen et al., 2004] . Usually, emanating fluids are highly enriched in methane from deeper horizons that fuels microbial oxidation processes and abundant growth of chemosynthetic communities in near-surface sediments [e.g., Boetius and Suess, 2004; Boetius et al., 2000; Wallmann et al., 1997] . Since methane is a potent greenhouse gas, it is important to know how much of this gas reaches the bottom water.
[3] Much of the dissolved methane that ascends to the sediment surface is consumed by a consortium of bacteria and archaea performing the anaerobic oxidation of methane (AOM). Methane is oxidized by pore water sulfate releasing hydrogen sulfide and bicarbonate into the pore water:
Authigenic carbonates may precipitate due to production of inorganic carbon and alkalinity during AOM.
TA increase related to AOM favors the accumulation of authigenic carbonates in pore space and fluid channels if sedimentation and bioturbation rates are low [Luff et al., 2004] . Cold-vent carbonates may occur as centimeter-to-decimeter thick crusts or void-filling chimneys formed at shallow depth in the sediment, where intense AOM and, hence, carbonate super saturation prevail [Han et al., 2004] .
[4] Numerical experiments by Luff and Wallmann [2003] have shown that the flux of methane, and hence the location of the AOM zone are largely controlled by upward fluid flow velocities. At higher methane fluxes, the depth of the AOM zone is shifted upward [Borowski et al., 1996] and thereby reducing the effectiveness of alkalinity removal by calcium carbonate precipitation.
[5] For the present study, we used the numerical model C.CANDI [Luff et al., 2000] to investigate the main biogeochemical processes at cold vents off Costa Rica. The purpose of our study was to quantify AOM-rates and benthic fluxes as well as to constrain key parameters, which determine ventdriven CaCO 3 precipitation under these specific environmental conditions. Since calcium concentrations in the upward migrating fluids are well above seawater levels at some of the investigated dewatering sites, Ca-enriched fluids potentially offer a reason for enhanced subsurface calcium carbonate precipitation and the occurrence of widespread carbonate caps on top of dewatering structures in the Central American Fore arc. We present comprehensive results from five cold seep locations at the Costa Rican continental margin in order to address the relationship between fluid advection, calcium concentrations, and authigenic calcium carbonate precipitation.
Study Area
[6] At the Pacific continental margin off Costa Rica, the Cocos Plate subducts beneath the Caribbean plate. Subduction erosion is believed to be the dominant process that controls the tectonic evolution along the Costa Rica Pacific margin since at least ∼16 Ma [Vannucchi et al., 2003] . The overriding plate is covered by numerous mound-like structures at water depths between 500 and 2500 m. These structures are situated on top of a-1500 m thick sequence of siliciclastic sediments (organic -rich, hemipelagic mud) that is underlain by a thick and intensely faulted ophiolithic basement [Ranero and Von Huene, 2000] . Overpressuring of subducted sediments due to clay mineral dehydration and subsequent upward migration of released fluids is thought to significantly affect fluid flow in upper plate sediments, and hence the formation of cold seeps [Hensen et al., 2004; Ranero et al., 2008] . More than 100 of these typical dewatering features have been clearly identified up-to-date Sahling et al., 2008] (Figure 1 ). Commonly they are referred to as mounds since no clear categorization into structural types such as mud volcanoes or mud diapirs has been accomplished. In many cases the surface of the mounds is covered by crusts, boulders or pavements of authigenic carbonates.
[7] Our study is based on five sediment cores taken from four locations, Mound 11, Quepos Slide, Pockmark and Culebra Fault, which were surveyed on R/V Meteor and Sonne expeditions between 2002 and 2005 (M54; M66; SO173) (Table 1 and Figure 1 ). Below, we give a brief summary of the sampling sites: (1) Mound 11, where station M54-138 is located on, is a fluid escape structure situated 30 km arcward from the trench on the mid slope off Costa Rica at around 1000 m water depth.
It is characterized by strong venting activity of methane-rich fluids and by the occurrence of gas hydrate deposits in surface sediments [Hensen et al., 2004; Schmidt et al., 2005; Linke et al., 2005] and is partly covered by carbonate crusts and bacterial mats [Bohrmann et al., 2002] . (2) Stations SO173-63 and SO173-73 are from Quepos Slide, which is located close to Mound 11 at shallower water depth (400 m). Quepos Slide is a submarine slide, which is possibly related to intense fluid emanation. Much of the area below the head wall is densely covered by bacterial mats. (3) Station M66-PC30 is situated on Pockmark which describes a flat structure with a total diameter of about 400 m and a slightly elevated rim (a few meters in height) on the lower slope at about 1900 m water depth. A well developed crater wall is covered by bacterial mats indicating the release of methane-rich fluids [Brückmann et al., 2009] . (4) Station SO173-49 (Culebra Fault) is situated on a normal fault at 1500 m water depth. The fault crops out at the seafloor close to Mound Culebra (a large-scale, carbonate-capped Mound of 1.5 km in diameter [Hensen et al., 2004; Mörz et al., 2005a Mörz et al., , 2005b ).
[8] Pore water chemistry from all five dewatering sites shows that fluids are significantly depleted with respect to seawater chloride and other major elements, suggesting that fresh water addition by clay mineral dewatering [Hensen et al., 2004] is a driving force of overpressuring and fluid advection.
Sampling Techniques and Chemical Analysis
[9] Pore water and sediment samples for this study were obtained on cruises M54, SO173, and M66 in 2002 M54, SO173, and M66 in , 2003 M54, SO173, and M66 in and 2005 , respectively, using TVguided multicorers (TV-MUC), ROV-directed push coring (ROV) and a gravity corer (GC) onboard RVs Meteor and Sonne (Table 1) . TV-MUC and ROV were deployed at bacterial mat sites. All cores were transferred in a cooling room in order to maintain in situ temperatures of about 4°C and cut into slices of up to 1 cm resolution. Pore water recovery was done by pressure filtration (argon gas, 2-5 bar). Pore waters were filtered through 0.2 mm cellulose-acetate membrane filters and then divided into aliquots for shipboard and shore-based analyses. Sub-samples for dissolved cation analysis were acidified (HCl or HNO 3 , suprapur) to prevent any mineral precipitation or adsorption. The pore waters were analyzed onboard for dissolved ammonia, hydrogen sulfide, chloride, sulfate, methane, and total alkalinity (TA) within a few hours after recovery. Total dissolved sulfide (TH 2 S) was measured using a standard photometric procedure [Grasshoff et al., 1997] . TA measurements were done by titration [Ivanenkov and Lyakhin, 1978] immediately after pore water separation. Chlorinity was determined by ion chromatography (761 IC-Compact, Metrohm) or titration with 0.01 N AgNO 3 [Grasshoff et al., 1997] . Sulfate analyses were carried out by ion chromatography. Ammonium was analyzed photometrically applying the indophenol-blue method [Grasshoff et al., 1997] . Ca analyses were carried out in the shore-based laboratory by inductively coupled plasma optical emission spectrometry (ICP-OES, JY 170 Ultrace, Jobin Yvon). The analytical precision with respect to IAPSO seawater standard is generally <5% for all methods. For headspace analyses of methane 3 ml of sediment were immediately taken in syringes with the needle-ends cut off, extruded into 20 ml vials and suspended in 5 ml 1 M NaOH to avoid biological degradation. The vials were immediately sealed and shaken for 24 h to establish headspace equilibrium. 100 ml sub-samples of the gas phase were taken by gas-tight syringes and detected with a gas chromatograph (Shimadzu), equipped with a Haysep D column and a flame ionization detector. A 1% CH 4 standard was used. Precision of gas chromatography was ±5%.
[10] Total organic carbon was determined by flash combustion of freeze-dried and ground sediment using a Carlo Erba element analyzer (NA1500) with a relative standard deviation of about 1% for replicate measurements. Porosity was calculated from the water content, which was determined by freezedrying of wet samples assuming a dry solid density of 2.5 g cm −3 . More detailed information on sampling techniques and analysis are given by Wallmann et al. [2006a] and are available at http:// www.ifm-geomar.de/index.php?id = 1858&L = 1.
Model Description and Methodology
[11] The reactive-transport model C.CANDI [Luff et al., 2000] was applied to quantitatively study biogeochemical processes at the sample locations. The model was used to simulate the turnover of 10 dissolved and 2 solid species in the sediment and the pore water (SO 4 , TNH 4 , CH 4 , HS, H 2 S, HCO 3 , CO 3 , CO 2 , Cl, Ca, CaCO 3 (aragonite), CaCO 3 (calcite)) considering pore water advection, molecular diffusion, bioturbation and biogeochemical reactions. Primary and secondary redox reactions, precipitation and dissolution reactions, as well as thermodynamically controlled acid/base reactions were taken into account while pH calculations were performed using the advancement approach (see Luff et al. [2000] and Luff and Wallmann [2003] for a more detailed model description). In general, the model solves the following two equations after Berner [1980] for dissolved (3) and solid (4) species:
where C w is the concentration of dissolved species (mmol cm ), v(x) is the pore water velocity (cm a −1 ), w(x) is burial velocity (cm a −1 ), F is the porosity, and ∑R w (mmol cm −3 a −1 ) and ∑R s (in wt %) are the rates of all diagenetic re-actions affecting dissolved and solid species, respectively. Sediment compaction and the downcore decrease in porosity were considered applying an exponential function fitted to the porosity data
where ∞ and 0 are the porosity at infinite depth and at sediment surface, and const is the attenuation coefficient for the exponential decrease of porosity with depth. The upward flow velocity n 0 was determined by fitting the model (fit by eye) to the dissolved chloride profiles. The upward directed pore water flux is composed of the downward burial component modified by compaction and the upward fluid advection
where v(x) represents the depth-dependent fluid flow velocity (in cm a
) and v 0 is the surface value of the fluid flow velocity (in cm a −1 ). Burial of solids is expressed as steady state compaction with
where w(x) represents the depth-dependent burial velocity (in cm a −1
) and w ∞ is the sedimentation rate at the lower boundary in cm a −1 . The average sedimentation rate for the studied section of the Costa Rica continental margin was previously determined as w ∞ = 0.03 cm a −1 [Kutterolf et al., 2008] . Temperature-dependent molecular diffusion coefficients of dissolved species were calculated after Boudreau [1997] and corrected for porosity decrease:
where D 0 is the molecular diffusion coefficient in seawater in cm 2 a −1 . Since bioturbation coefficients were not determined at the studied sites, the D B (x) values given by Luff and Wallmann [2003] were applied for the modeling.
[12] The precipitation rates (R PPT ) of calcite and aragonite depend on saturation state and the kinetic constant (k PPT ) either for aragonite or calcite:
Values for k PPT were taken from Luff and Wallmann [2003] and are listed in 
For all standard runs it was assumed that upward migrating fluids are saturated with respect to calcite at the lower boundary of the model column. The rate of anaerobic methane oxidation was calculated using second order kinetics:
The kinetic constant of AOM (k AOM ) was determined by fitting the model to the pore water profiles of sulfate, TA, and hydrogen sulfide.
[13] Dissolved sulfide may be removed from pore waters by the precipitation of iron sulfide minerals.
The following stoichiometry was assumed for sulfide precipitation processes where sulfide is fixed in pyrite (FeS 2 ) and iron mono sulfides (FeS) :
This equation also considers the reduction of ferric iron in clay minerals, i.e., the conversion of Fe 2 O 3 into FeO. This formulation implies that dissolved sulfide removal has no effect on the TA. Precipitation kinetics of sulfidic minerals were simulated applying the following equation assuming that the availability of reactive ferric iron is decreasing exponentially with sediment depth :
where k SP is the kinetic constant, K SP is the Monod constant and r SP is the attenuation constant for sulfide removal.
[14] Constant concentrations were prescribed at the upper and lower boundary of the model column (Dirichlet boundary conditions). In general, upper boundary conditions were chosen to represent regional seawater composition (for pore water constituents) and uppermost surface sediment concentrations (for solids), respectively, while lower boundary values reflect the composition of the deep fluid (for pore water constituents). The upper boundary value of 4.24 wt-% of total calcium carbonate (CaCO 3 ), which was applied for all stations, represents the mean value of three reference cores within the study area and hence, was chosen to be representative for the pelagic CaCO 3 input (Table 1 ). All simulations were performed assuming steady state conditions (dc/dt ≈ 0). The vertical resolution of the model grid was set to 1000 layers in order to resolve the steep pore water gradients for the overall simulation time of 100,000 years. Parameter values chosen for each model run are listed in Table 2 . Tables 2  and 3 produced good fits to the measured pore water profiles. All simulations were run into steady state, which was achieved after a maximum time of ∼80,000 years (Culebra Fault). Considerable deviations exist only for methane profiles where measured concentrations are considerably lower than simulated values. This discrepancy has been reported elsewhere and is due to the loss of methane from the sediment that degasses during sample retrieval [e.g., Hensen et al., 2007] . Methane profiles were simulated assuming methane saturation of the upward migrating fluid with respect to methane hydrate [Tishchenko et al., 2005] at the lower boundary. [17] The rates for upward fluid flow, AOM, and calcium carbonate precipitation were determined by fitting the model to the data. Because there are very high concentrations of products from organic matter decomposition (e.g., NH 4 ) in the upward migrating fluids, it is very difficult to constrain in situ POC degradation rates. Since POC-profiles (not shown) do not display a systematic decrease over depth, it is assumed that POC-degradation is generally low at these sites and does not significantly affect the processes discussed in the following sections. Previous studies showed that the overall biogeochemical turnover at seep sites is dominated by AOM and associated processes [Luff and Wallmann, 2003; Wallmann et al., 2006b] .
Results and Discussion
5.1.1. Advection Rates, Methane Turnover, and AOM [18] Upward fluid flow velocities (v 0 , equation (6)) range in total from 0.1 to 200 cm a −1 at the investigated sites (Table 3 ). The highest advection of 200 cm a −1 was calculated for a bacterial mat site located at Mound 11 . This value has been corrected downward from 300 cm a −1 (reported by Hensen et al. [2004] for the same core), which is supported by a more rigorous, multiparameter analysis with the numerical model scheme used in the present study. Advection rates decrease from 40 and 4 cm a −1 at stations TVMUC-63 and −73, respectively, located at Quepos Slide to 3 cm a −1 at Pockmark (PC-30), and 0.1 cm a −1 at Culebra Fault (GC-49).
[19] High flow rates (>40 cm a −1 ) reduce the efficiency of AOM in oxidizing methane (Figure 7b ) and cause an increased efflux of dissolved methane into the water column (Figure 7c and Table 4 ) where methane supply is sufficiently high to enhance microbial activity, but still low enough to prevent significant bypassing of the microbial filter and release into the water column (Figure 7c) . Our model results show that ascending methane is not escaping into the bottom water at very low fluid flow rates (<1 cm a −1 ), whereas 40% and 98% of the ascending methane is released into the bottom water at advection velocities of 40 cm a −1 and 200 cm a methane plumes situated above the mounds. Hence, lower advection rates seem to be more representative to quantify regional average fluxes of methane from the mounds [cf. Ranero et al., 2008] .
Precipitation of Authigenic Carbonates
[20] Authigenic carbonates are reported from all sites investigated in this study. The depletion of calcium corresponding to peak concentrations of TA within the AOM zone is indicative for active CaCO 3 precipitation. Peaks of TA and TH 2 S are located very close to the sediment surface at high flow rates of 40-200 cm a −1 (Quepos Slide-TVMUC-63 and Mound 11; Figures 2 and 3) whereas more prominent peaks occur at greater sediment depth when advection is lower (Figures 4-6) . At Mound 11, Quepos Slide (SO173-63), and Pockmark, TH 2 Sprofiles could readily be modeled by AOM and solute transport (advection and diffusion), only. At Quepos Slide (SO173-73) and Culebra Fault, however, standard simulations revealed H 2 S-production in excess to the measured profiles suggesting precipitation of iron sulfides [Hensen et al., 2003; Wallmann et al., 2008] . In order to fit the observed profiles, precipitation of iron sulfides was considered by application of equation (13) (Table 4) , hence reducing the overall flux of TH 2 S toward the sediment surface. The trends in TA and dissolved Ca are well reproduced in the model simulations applying the appropriate choice of reaction constants with respect to aragonite and calcite precipitation (Figures 2-6 and Table 3 ). The combination of kinetic constants for calcite and aragonite are either 1 and 10 mmol cm −3 a −1 (slow precipitation) or 10 and 100 mmol cm −3 a −1 (fast precipitation), respectively, in order to obtain the best fit to the data. The difference of one order of magnitude between the kinetic constants for calcite and aragonite was used as suggested by Luff and Wallmann [2003] according to experimental results by Burton and Walter [1987] . Total calcium carbonate precipitation thereby shows the same dependence on fluid flow as AOM and is most effective at intermediate flow rates (Figure 7d ). Largely, this is also reflected by depth profiles of the saturation state. Saturation generally increases from bottom water (undersaturated with respect to both carbonate phases) into the sediments (Figure 8) . However, at sites with very high or low flow rates (Mound 11, Culebra Fault; Figure 8 , M54-138, SO173-49) the production of TA, and hence carbonate ions, is not sufficient to reach saturation with respect to aragonite and no or only little oversaturation with respect to Table 1 . [Mavromatis, 2009] , which is in agreement with the significant oversaturation of calcite predicted by the model (Figure 8 ).
[21] However, in contrast to pore water calcium and TA profiles, modeled solid phase CaCO 3 profiles only show reasonable fits to the average CaCO 3 content at the Quepos Slide sites (Figures 3 and 4) . At all other stations, both absolute concentrations and depth trends obtained in the model do not match the observations. Two general factors can be inferred to explain the observed discrepancy: (1) change of the sedimentary environment (sedimentation rate, mudflows, erosion) or (2) . The result is not in accordance with measured pore water profiles, but reproduces well the overall CaCO 3 content of about 20 wt.%, suggesting that the average advective flow velocity has been lower at this site in the past.
[22] Our model study indicates that the advective Ca influx across the base of the model column is almost as large as the Ca flux into the bottom water at very high flow velocities (Mound 11) and consequently most of the deeply mobilized Ca escapes precipitation. Overall, there is a net transport of Ca out of the sediment at the Mound 11, Quepos Slide (TVMUC-63) and Pockmark sites (Table 5 ). This is caused by high fluid flow velocities at Mound 11 and Quepos Slide (TVMUC-63) and, in contrast, by Ca-enriched fluids at Pockmark At the Quepos Slide station TVMUC 73 and the Culebra fault sites featuring moderate to low fluid flow rates, a large fraction of Ca from the ascending fluid is fixed in authigenic carbonates. This relation is further illustrated in Figure 9 , where the efficiency of CaCO 3 precipitation is plotted as a function of [Gieskes and Lawrence, 1981; Gieskes et al., 1990] . As indicated specifically for the Pockmark site, this additional source of deeply mobilized Ca has a significant impact on precipitation rates of CaCO 3 , and hence may be an important factor for the widespread occurrence of carbonatepaved mounds off Costa Rica. In order to test this hypothesis further systematic model runs with varying boundary conditions and calcium fluxes were performed as described below.
Systematics of Calcium Carbonate Precipitation
[23] For the systematic model runs, we chose a model column of 50 cm length with a depth resolution of 0.05 cm. All simulations were run into steady state which on average was reached after ∼100,000 years. Vertical fluid flow velocity, AOM rate and carbonate precipitation rates were simulated based on the general model set-up outlined in section 5.1. As for the site-specific model runs, we assumed calcite saturation and methane levels equal to solubility in equilibrium with gas hydrates in the upward migrating fluids. The complete set of values and boundary conditions used to define the standard case for systematic parameter variations is given in Table 6 . [24] In total, we performed 24 model runs using four different Ca 2+ concentrations at the lower boundary (4, 15, 25 and 40 mM) and three different upward advection rates (1, 10, and 200 cm a ) in order to impose variable Ca-fluxes into the model area. This range of parameter values was selected to cover the variations observed at the investigated stations. Again, all model runs were conducted applying different kinetic constants for calcite (1 and 10 mmol cm −3 a −1 ) and aragonite (10 and 100 mmol cm −3 a −1 ), respectively.
[25] Overall, the model runs indicate that increasing calcium concentrations in the migrating fluids sig- nificantly enhance precipitation rates of authigenic carbonates (Figures 10a and 10b ). This finding suggests that precipitation related to AOM is limited by the availability of Ca in a purely diffusive system. The additional (deep) source enables a more efficient removal of carbonate ions produced by AOM and, as noticed before, this effect is most pronounced at moderate upward flow velocities (up to 10 cm a −1 ). Figure 10 . Depth-integrated rates of net CaCO 3 precipitation as a result of systematic model runs for various upward fluid velocities and calcium concentrations at the lower boundary. Plots show the difference of using (a) low (1, 10 mmol cm −3 a −1 ) and (b) high (10, 100 mmol cm −3 a −1 ) kinetic precipitation constants for calcite and aragonite. [26] In order to elucidate this relation, the results of the systematic runs are included in Figure 9 . It is obvious that (i) at high flow velocities (green dots) much of the Ca in the deep fluid is expelled into the water column, (ii) at moderate flow velocities (black dots) precipitation efficiency is highest and coincides with highest averaged precipitation rates (blue bars), and (iii) at low flow velocities (open dots) increasing amounts of precipitated Ca are derived from bottom water. Consequently, the highest precipitation rates result from high Ca concentration in the deep fluid at moderate advection velocities. One exception to this systematic relationship is found at the Culebra Fault site, where intense subsurface dissolution of aragonite is predicted due to undersaturated bottom water and very low advection rates.
[27] As for the site-specific model runs the dominant CaCO 3 -phase precipitated is calcite. The higher kinetic constant for calcite precipitation (k PPT -calcite = 10 mmol cm
), which had to be used at most of the sites to obtain good fits to measured calcium and TA profiles (Figures 2-6 ), results in clearly enhanced carbonate precipitation rates, on average by a factor of 2 (Figure 10 ). In summary, this modeling experiment shows that the influx of dissolved Ca from deeper sedimentary strata is a significant Ca source for authigenic carbonate precipitation in addition to Ca diffusing into the sediment from the overlying bottom water. This fact has not been explored in most previous studies. Especially the availability of Ca-enriched fluids, which has been reported from various ODP drill sites [Moore et al., 1988; Kimura et al., 1997; Zahn et al., 1999] , may need to be considered to explain the abundance and distribution of authigenic carbonates at cold seep sites.
Quantification of CaCO 3 Accumulation at Cold Seeps
[28] Formation of authigenic carbonates in cold seep environments is a worldwide phenomenon and hence, contributes to the sedimentary calcium sink and acts as an important factor in biogeochemical element recycling as suggested by an earlier study of Han and Suess [1989] . Unfortunately, the quantification of this process is still essentially unconstrained, which is mainly due to the lack of quantitative, numerical studies and the heterogeneity of seep environments over space and time [e.g., Tryon et al., 2002; Brown et al., 2005; Solomon et al., 2008] . However, extensive studies of fluid expulsion at the seafloor at the CentralAmerican fore arc Ranero et al., 2008] , increasing knowledge of the abundance of submarine seeps and mud volcanoes [Judd et al., 2002; Milkov, 2000] as well as the quantification of fluxes and flow velocities [e.g., Wallmann et al., 2006b; Hensen et al., 2007] provide sufficient information for a preliminary estimate.
[29] Calcium carbonate precipitation rates for low Ca concentrations in the deep fluid and low advection rates are on average 80 mmol cm −2 a −1 (Figure 10 ). This magnitude is in agreement with previous studies at Hydrate Ridge [Luff and Wallmann, 2003; Luff et al., 2004] ). Since the total area of the hot spots is typically very small, we assume that a conservative (minimum) estimate of about 1 cm a −1 is most realistic to represent the overall mean of a typical mound . Given that focused seepage occurs at more than >120 sites with a diameter of 1 km along a ∼500 km long section of the continental margin Ranero et al., 2008] and applying appropriate precipitation rates results in a total Ca-fixation of 7.5·10 7 mol Ca a −1 for the entire region. Assuming that this value is representative for the global margin length of about 150,000 km [Jarrard, 2003; Bradley, 2008] irrespective of the difference between active and passive margins, the global Ca-fixation at cold seeps sums up to about 2.2·10 10 mol Ca a −1 . As noted above, this estimate suffers from numerous uncertainties, and hence it must be regarded only as a first-order approximation. The highest uncertainty can probably be ascribed to the lack of knowledge of the total number and the seafloor area covered by cold seep sites. In contrast, variations of the fluid velocity may only affect calcium carbonate precipitation by a factor of 2-3 (Figure 10 ), but not change the order of magnitude of the estimate. Interestingly, assuming the same average size of a cold seep structure as above (∼0.8 km 2 ) the same value of about 2.2·10 10 mol Ca a −1 can be obtained when assuming the existence of about 30,000 seep sites at continental margins, which is within the estimated range (1000-100,000) of total deep-water mud volcanoes reported by Milkov [2000] . [30] In contrast, Wallmann et al. [2008] estimated the total AOM-related CaCO 3 precipitation and burial at the seafloor (not seep related) to be in the order of 1.7-6.7·10 12 mol a −1 . This estimate is based on the assumption that the methane formed in anoxic marine sediments (5-20 10 12 mol a −1 [Reeburgh et al., 1993; Hinrichs and Boetius, 2002] ) is completely oxidized by AOM and about one third of the DIC formed during this reaction precipitated as authigenic CaCO 3 .
[31] Considering additional effects of silicate weathering and sulfide burial this value may even increase up to 3.3-13.3·10 12 mol a −1 . Hence, on a global scale authigenic precipitation of CaCO 3 in marine sediments seems to be a significant sink for calcium. It is comparable in magnitude to other processes governing the global Ca-cycle, such as the uptake of Ca during alteration of oceanic crust (1.5-2.4·10
12 mol Ca a −1 [Alt and Teagle, 1999] ) or the subduction flux of Ca (2.2·10 12 mol Ca a −1 [Rea and Ruff, 1996] ). On the other hand, our estimate for cold seeps is about two orders of magnitude lower, which suggests that cold seeps are not as significant in terms of Ca cycling in the oceans as it has been suspected previously [Han and Suess, 1989] .
5.4. Fluxes of TCO 2 and TA Across the Sediment-Water Interface [32] The C.CANDI model applied in this study calculates the depth profiles of the carbonate (CO 3 2− , HCO 3 − , CO 2 ) and hydrogen sulfide (HS − , H 2 S) species dissolved in pore water. Benthic fluxes of the sum of these constituents expressed as TCO 2 , TA and TH 2 S are presented in Table 4 . The aerobic oxidation of TH 2 S and methane at the sediment water interface are not included in the model. As a result, the model predicts that most of the methane converts into bicarbonate at low and moderate fluid flow velocities. We expanded our model using a simple mass balance approach to further study the fate of methane at cold seep sites. Except for the Culebra Fault site (where no video observations are available and fluid flow is very low), the sediments investigated in this study were covered by mats of sulfide-oxidizing bacteria. Those bacteria rely on H 2 S being produced in the underlying sediments by AOM. During oxidation, TH 2 S is first transformed into elemental sulfur and ultimately into dissolved sulfate using oxygen as electron acceptor [Nelson et al., 1989] :
The total alkalinity (TA), if simplified as TA = HS − + HCO 3 − + 2 CO 3 2− , is reduced by 2 equivalents by the release of protons and the removal of HS − for each mol of HS − and H 2 S being oxidized within such a mat. The TA flux from the sediment is thus reduced by the aerobic oxidation of TH 2 S, whereas HCO 3 formed through AOM is converted into CO 2 before it enters the ocean. [33] In Table 4 , we corrected the TA flux calculated by the model considering the stoichiometry of aerobic sulfide oxidation and assuming that TH 2 S is oxidized completely into dissolved sulfate at the sediment/water interface. Prior to this correction, the TA fluxes were higher than the TCO 2 fluxes at stations where HS − contributed significantly to the TA flux (Figure 11 ). The corrected TA fluxes are much smaller than the TCO 2 fluxes due to the oxidation of HS − and the proton production during aerobic sulfide oxidation at Mound 11 and Quepos Slide. At Pockmark the corrected TA flux is negative indicating the diffusion of TA from the overlying water into the sediment. The TA flux into the sediment is caused by aerobic sulfide oxidation and the precipitation of authigenic carbonates in the underlying AOM zone removing TA from the deep Figure 11 . Ratio of TA (total alkalinity) to TCO 2 (total dissolved inorganic carbon) in response to variations of fluid flow rates. Full bars represent corrected ratios considering aerobic sulfide oxidation at the sediment/water interface whereas blank bars represent uncorrected ratios.
pore fluids. The fraction of DIC formed by AOM being removed by carbonate precipitation is much higher at the Pockmark station than at the other locations. Hence, the negative TA flux at Pockmark is related to the enhanced efficiency of TA removal by carbonate precipitation. Only at Culebra Fault the corrected TA flux is similar to the TCO 2 flux. At this station, dissolved TH 2 S produced by AOM is almost completely removed from the pore water by sulfide precipitation within deeper sediment layers. Consequently, only a small fraction of TA is consumed by aerobic sulfide oxidation. This station features the lowest fluid rise velocity (0.1 cm a −1 ) among all stations investigated in this study. Moreover, methane is oxidized almost completely at this station already at large sediment depth.
[34] Interestingly, the Fe-flux in this region is about 22 mmol cm −2 a −1 (calculated from surface concentrations of total iron of 5.8 wt.% at the reference station), which is similar in magnitude to the total SO 4 -consumption in the sediment. Although the actual binding capacity of iron sulfides depends on the fraction of reactive ferric iron and the respective reaction kinetics, the Fe-flux given above defines the maximum capacity to fix hydrogen sulfide in the sediment at this site. Considerably higher Fe-fluxes than predicted for the Costa Rica margin are generally unlikely for most continental margin environments since the surface Fe-concentrations here are well above the average shale value of 4.72 wt.% [Martin and Meybeck, 1979] . For example, Fedeposition rates are between 6 and 14 mmol cm −2 a −1 in the Skagerrak Region (North Sea) and 5.1 mmol cm −2 a −1 at the continental slope off Chile [Canfield et al., 1993a; Thamdrup and Canfield, 1996] . Hence, upward fluid flow velocities >0.2 cm a −1 will usually result in H 2 S-efflux and oxidation. This is supported by the results of the systematic runs that show an average TH 2 S-flux across the sediment-water interface of 45 mmol cm −2 a −1 for the low advection case of 1 cm a −1 .
[35] Dissociation events of methane hydrates have been suspected to be an important climate factor in the past, particularly during warm periods such as at the Paleocene-Eocene Thermal Maximum (PETM) [Dickens, 2003; Zachos et al., 2005] , by enhancing CH 4 and CO 2 emissions into the ocean and the atmosphere. Moreover, models predict that future seafloor warming will destabilize methane hydrates hosted in marine sediments [Buffett and Archer, 2004; Archer et al., 2008] . The fate of the released methane is, however, quite unconstrained. Our study and previous studies [Luff and Wallmann, 2003] showed that most of the dissolved methane ascending to the sediment surface at cold seep systems is oxidized by AOM consortia and converted into bicarbonate (HCO 3 − ) at low fluid flow rates, hence neither the CH 4 nor the CO 2 contents of oceans and atmosphere would be affected. Only at elevated fluid flow velocities, methane release from deep sediments could potentially induce greenhouse gas emissions, and hence ocean acidification and global warming in a positive feed-back loop. Considering the present-day situation, the contribution of the very limited seafloor area of cold seeps seems to be negligible compared to other sources of greenhouse gases. However, substantial melting of global gas hydrate inventories could enhance methane fluxes to the seafloor above the required threshold value, and hence trigger the release of CH 4 and CO 2 (rather than HCO 3 − ). [36] In the present study we investigated major biogeochemical processes and key parameters that affect vent driven CaCO 3 precipitation and control benthic fluxes at cold vent sites. Our major findings are: [37] (1) Upward fluid flow velocity is the most important factor controlling the efficiency of AOM, and hence the precipitation of authigenic carbonates at cold vents. [38] (2) The impact of calcium-enriched fluids on calcium carbonate precipitation rates is significant and most pronounced at moderate flow velocities (∼10 cm a −1 ). Hence, carbonate released by methane oxidation is more efficiently transformed into CaCO 3 , if there is an additional source of Ca from ascending fluids.
Conclusions
[39] (3) Authigenic carbonate formation induced by AOM has been shown to be an important process with respect to carbon and calcium burial in marine sediments . Although AOM-rates and consequently CaCO 3 precipitation rates are enhanced at cold seeps, a preliminary extrapolation and global estimate suggests that these sites do not significantly affect the calcium cycling in the ocean because of the comparatively small seafloor area.
[40] (4) The release of dissolved greenhouse gases (CH 4 , CO 2 ) is only relevant at moderate to high fluid advection rates. Methane ascent from deep sedimentary sources does not induce greenhouse gas emissions at the seafloor at low fluid rise velocities (≤0.1 cm a
−1
). Under these conditions, methane is completely oxidized by AOM within deeper sediment layers while sulfide being produced by AOM is largely removed by the precipitation of sulfide minerals and sulfide oxidation at the seafloor is negligible.
[41] (5) Enhanced fluid flow promotes the aerobic oxidation of methane and sulfide and the conversion of methane into CO 2 . Sedimentary methane fluxes caused by the dissociation of gas hydrates or other processes are thus only potential climate drivers, if fluid flow accelerates the upward transport of methane toward the sediment-water interface. Hence, future hydrate melting scenarios need to address the question to what extent it will cause subsurface overpressuring and upward fluid advection in order to provide robust predictions for the release of greenhouse gases.
